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ABSTRACT
FABRICATION OF FUNCTIONAL NANO-STRUCTURED MATERIALS AND
DEVICES USING SUPERCRITICAL FLUIDS
SEPTEMBER 2017
SHENGKAI LI, B.E., DALIAN UNIVERISITY OF TECHNOLOGY
Ph. D., UNIVERISITY OF MASSACHUSETTS AMHERST
Directed by: Professor James J. Watkins
Nano-structured

materials possess unconventional properties and enable

miniaturization of devices. However, fabrications of such materials and devices are
challenging and in many cases cumbersome, and development of nanofabrication
techniques are essential to realizing novel designs and commercializing scientific ideas.
Supercritical fluids possess a unique combination of gas-like diffusion properties and
liquid-like dissolution power, and are suitable reaction media for fabricating materials at
the nanometer scale.
This dissertation focuses on developing supercritical fluids-related techniques for
fast and large-scale fabrication of novel composite materials and devices. Using
supercritical fluid deposition (SFD) technique, cobalt thin films were deposited on a
variety of substrates, with a cobalt(II) metal-organic precursor dissolved in supercritical
CO2. The deposition was found to be more facile compared to similar cobalt(III)
precursors, and yielded full coverage, high purity cobalt thin films with good conductivity.
Cobalt coatings on copper surfaces also effectively prevented copper oxidation in air at
elevated temperatures.
SFD technique was further utilized for scalable fabrication of gold-coated
woodpile structures as wavelength-selective thermal emitters in the mid-infrared region.
vii

High purity, full coverage gold thin films were coated conformally on 3D TiO2 woodpile
structures with perfect step-coverage and controlled surface roughness, and thermal
emitters with emissivity enhancement at specific wavelength were obtained. Samples
gold-deposited using cold-wall reactor were found to be more effective than using
hot-wall reactor. Soft-imprint-based scalable fabrication of TiO2 woodpile structures was
also optimized for micrometer patterns.
Besides using supercritical CO2 for metal deposition, supercritical ethanol was
utilized for continuous solvothermal synthesis of manganese oxide nanoparticles with
small particle size as active material for supercapacitor electrodes. A mixture of MnO and
Mn3O4 crystal structures was obtained and the ligand-capped nanoparticles form stable
dispersion in ethanol at high concentrations. The stably dispersed nanoparticles can be
impregnated into mesoporous carbon films, enabling high through-put fabrication of
electrodes for flexible supercapacitors.
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CHAPTER 1
INTRODUCTION
1.1 Supercritical Fluids
Supercritical fluids (SCFs) are substances at temperatures and pressures above
their critical points. (Fig. 1-1) At this circumstance, substances are in a special state that
is different from the solid, liquid, or gas states that we commonly encounter.

Figure 1-1. Phase diagram of a pure substance, including supercritical state (SCF).
Adapted from Ref. 1.
At this state, SCFs possess unique properties, some of them similar to properties
of gases and others typical of those of liquids.2 They exhibit low viscosities and high
diffusivities like gases, making them good reaction media to facilitate mass transport;
they also exhibit low surface energies, enabling easy wetting of surfaces with small
features, not hindered by capillary forces. On the other hand, the densities of SCFs can be
as high as liquids, enabling dissolution of chemicals at high concentrations. Furthermore,
many properties changes significantly with temperature and pressure near the critical
point, including dipole moment, dielectric constant, and dissolving power.3 It is thus
possible to use fluids at the proximity of their critical points as easily-tuned, versatile
1

solvents for physical and chemical reactions.
Carbon dioxide (CO2) is the most commonly used chemical for supercritical fluid
applications. Its critical point is 31.1℃ and 7.39 MPa. The moderate critical temperature
makes the supercritical state easily accessible, so the process is suitable for thermally
degradable materials. It is also chemically inert, non-flammable, non-toxic, and cheaply
available, resulting in a safe, environmentally benign process suitable for industrial
applications. Because of these unique properties, supercritical carbon dioxide (scCO2) is
widely used as solvent and reaction media in various industrial processes such as
extraction, impregnation and dying, catalytic organic reactions, particle formation, and
biomaterial fabrication.2-5
Other supercritical fluids such as water and organic solvents are also used. They
typically have higher critical temperatures. Table 1-1 lists the critical points of some
commonly used supercritical fluids. However, they are common liquid solvents with high
dissolving powers in ambient conditions, enabling tuning of solubility between liquid
phase and supercritical fluid phase, which is not possible with CO2.
Table 1-1. Critical points of some commonly used supercritical fluids.
Chemical
water
methanol
ethanol
isopropanol
hexanes

critical temperature
(℃)
374
240
241
236
235

critical pressure
(MPa)
22.06
7.95
6.3
5.37
3.02

One potential downside of supercritical fluid processes lies in its high pressure
requirement to obtain supercritical state. This results in high equipment cost and high
energy cost to manipulate and maintain the pressure. Thus, supercritical fluids apply best
2

to processes where their advantages outweigh the added cost.
1.2 Supercritical Fluid Deposition of Metal Thin Films
Metal coatings are widely used in all kinds of devices as protective layers, light
reflective layers, catalysts, conductive elements of electronics, etc. In recent decades,
minimization of structures has led to large-scale production of more effective and more
portable devices, and also introduces materials of novel properties non-existent in
traditional bulk materials. Consequently, there has been a need for efficient,
well-controlled deposition of metal films in the nano-scale.
1.2.1.

Common Deposition Methods
To meet this need, a number of metal deposition techniques have been developed

and adopted in industry as well as academic research. These techniques can be generally
divided into two categories: those involving physical processes but no chemical reactions
and those involving chemical reactions.
1.2.1.1 Physical Vapor Deposition
Without chemical reactions, physical vapor deposition (PVD) techniques use pure
metal or metal alloy as the metal source. Metal atoms or atom clusters escape from the
source as enough energy was introduced, and then diffuse through the deposition
chamber and deposit on the substrate. These techniques are further differentiated by the
different form of energy introduced: in thermal evaporation, energy is introduced as heat;
in e-beam evaporation, as electron beam; and in sputtering as ion bombardment. The
deposition chamber are operated under vacuum to increase the mean free path of the
atoms and clusters, thereby alleviating their collision with each other and with
background gas, preventing the formation of metal particles prior to reaching the
3

substrate. Because of this, PVD processes are generally line-of-sight techniques. They
work well with masks to produce patterned deposition, but on the other hand are unable
to uniformly cover non-flat substrates, especially high aspect-ratio structures such as deep
trenches.
1.2.1.2 Electroless Deposition and Chemical Vapor Deposition
To achieve coatings with full coverage and uniform thickness across non-flat
substrates, techniques involving chemical reactions are utilized. The substrates are
generally immersed in a reaction media, usually liquid or gas. Precursors dispersed in the
reaction media are adsorbed onto the substrate surface, surface reactions take place to
form metal deposit on the substrate, and by-products are desorbed from the surface back
to the reaction media. Heterogeneous reactions are generally preferred to homogeneous
reactions because there is less surface energy penalty to form a metal particle on a solid
surface than in the bulk of reaction media. Thus, depositions take place on the entire
surface of substrate and uniform coverage on non-flat surface can be achieved.
Electroless deposition uses liquid (most commonly, aqueous solution) as reaction
media to carry out this surface reaction scheme. High concentrations of the reactants can
be achieved depending on their solubility in the liquid solvent. The deposition is usually
carried out in ambient condition and is economically preferred in many applications.
However, this liquid phase technique is limited by the poor stability of reactant solution
and the difficulty to precisely control the film qualities on the nano-scale.6 Besides, it
also suffers from a large amount of aqueous waste with toxic chemicals, and subsequent
remediation may be costly.
Another approach is chemical vapor deposition (CVD), using gas as the reaction
4

media. In the gas phase, the dispersion of reactant molecules is achieved by vaporization
of the reactant, so only volatile precursors can be considered. For metal deposition,
commonly used precursors are metal-organic precursors, where the metal atom is bound
to an organic compound which increases the volatility and promotes the reactivity and
thus the deposition of the metal. This CVD technique is called metal-organic chemical
vapor deposition (MOCVD). Up to now, many metal-organic precursors has been
introduced and used for deposition of a wide range of metals.7-9
Despite the development of metal-organic precursors, the volatilities of these
precursors are still relatively low10. This leads to a mass transport-limited kinetics of the
deposition where precursor concentration near the surface has a big influence on the
deposition rate. This is especially prominent on surfaces of complex geometries, where
mass transport into holes and trenches is difficult. The depletion of reactants on these
surfaces limits the deposition rate and leads to poorer coverage or thinner deposition
compared to the outer surface.11
1.2.1.3 Atomic Layer Deposition
Atomic layer deposition (ALD) is a special form of CVD that is developed to
obtain superior control over the deposition on the precision level of molecules. By
alternating the precursors that react at the surface of the substrate, sequential self-limiting
chemical reactions take place on the surface such that each deposits only one layer of
molecules. In this way, conformal deposition is achieved with precise control of
composition and thickness. Chemical functionality of the original substrate surface is
crucial to initiate the first layer of deposition, but when it is achieved, there is a good
adhesion between the film and the substrate. The superior control of the coating makes
5

ALD a popular technique for coating preparation in research of nanostructures.12
However, the control on quality comes with a sacrifice on the deposition rate, mostly
below 0.5 Ångström per cycle, and thus ALD is generally used only for depositions of 20
nm or less.13,14 Moreover, ALD is mostly developed for metal oxides or dielectric
materials, and the availability of pure metals reported using this technique is limited.15
1.2.1.4 Eletroplating
Electroplating uses electrochemical reaction to deposit metal or metal oxides on
substrates. The deposition can be controlled by easily manipulated electric bias, adding
controllability to the process. The resulting coating is conformal and fast, while the major
limitation of the technique is the requirement of conductive substrates or conductive
seeding layer. The process also suffers from the large amount of liquid waste, similar to
electroless deposition process.
1.2.2.

Supercritical Fluid Deposition
Supercritical Fluid Deposition (SFD) technique uses SCFs, in most cases scCO2,

as the reaction media. With SCFs exhibiting intermediate properties between gas and
liquid, SFD technique possesses advantages of both electroless deposition and CVD,
while overcoming their limitations.
In CVD, especially MOCVD processes, the low concentration of metal-organic
precursor is a big problem, causing deposition of non-uniform thickness on complex
geometries. In scCO2, solubility of metal-organic precursors are greatly increased, and
can be further increased easily by increasing the pressure. 16,17 This increase in the
concentration of precursor can exert a profound impact on the deposition kinetics. It has
been reported that in certain deposition chemistry, the concentration of the precursor does
6

not affect the deposition rate as long as it’s above a certain value.18,19 Thus, the high
precursor concentration enables a uniform deposition rate across surfaces of complex
geometries, even when there is a precursor concentration difference due to mass
transport.
When compared to electroless deposition, SFD offers a better film quality because
the diffusion in SCFs is much faster. It is also a much greener technique. It uses and
produces fewer toxic chemicals and wastes. For metal depositions, hydrogen gas can be
used instead of toxic reducing agents, as it’s soluble in scCO2. Non-toxic metal-organic
precursors can be adopted from the development of MOCVD process. And even when
toxic precursors are involved, it’s generally much easier to separate them from the scCO2
solution. This is because the solubility of the precursors would drop dramatically as the
carbon dioxide solution is depressurized to ambient gas state, and the residue can be
easily absorbed by an absorption bed, leaving highly purified gases.
To date, many metals have been successfully deposited as thin films using SFD
technique, including Ag, Au, Co, Cu, Ni, Rh, Ru, Pd, and Pt.20-27 The deposition obtained
are highly pure, without carbon or oxygen impurities. The thin films are made up of
continuous grains, formed from a nucleation and growth mechanism.

28-30

Depositions

on high aspect ratio trenches showed conformal deposition with complete filling of
trenches. 1,28,31-33 Kinetic studies of Cu and Ru deposition showed that the deposition rate
is controlled by desorption of byproducts, and is independent of precursor or H2
concentrations once they exceed a certain level.18,19 These kinetic studies confirmed that
the SFD method is capable of deposit conformal thin films on complex surfaces even
when inadequate diffusion causes concentration variation on the surface.
7

In some cases, metal deposit selectively on metallic seed layers at low
temperatures and not on semiconductor surfaces, while this selectivity vanishes at higher
temperatures.22,26,32
Consequently, it is desirable to further develop SFD techniques, to enable metal
deposition on a wider range of substrates, at milder conditions, to study the mechanism of
the deposition to enable better control of the process, and to achieve uniform depositions
on complex 3D substrates as this leads to a wider range of possible applications. And
although its possibility is confirmed in principal with depositions on high aspect ratio
trenches, the actual fabrication on 3D substrates with device quality has rarely been
reported, and is limited to certain systems with seed layers.34
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CHAPTER 2
AN INVESTIGATION OF COBALT SFD FROM
BIS(2,2,6,6-TETRAMETHYL-3,5-HEPTANEDIONATO) COBALT(II)
2.1 Introduction
Cobalt (Co) is an important material for electronic devices and functional
catalysts. It has been used in giant magnetoresistance devices, and memory and data
storage elements.1-3 Moreover, the potential of cobalt to improve the performance of
copper interconnect structures in integrated circuits has received considerable attention.
Cobalt capping layers protect copper against electromigration, 4 , 5 and improve the
adhesion of copper to dielectric materials6. Cobalt also acts as barrier layer against copper
diffusion7 and oxidation, which is especially effective when cobalt layers are doped with
small amounts of tungsten, phosphorous, or silicon.8,9 As a catalyst, cobalt and cobalt
oxide are reported both as an electrode catalyst in fuel cells 10-12 and as a catalyst for the
Fischer–Tropsch process.13,14
To enable many of the above applications, it is necessary to deposit pure cobalt
thin film on nanostructured substrates. The SFD technique is suitable in such
circumstances. Few studies have been taken on cobalt SFD, and the precursors used are
limited to cobaltocene or tris(2,2,6,6-tetramethyl-3,5- heptanedionato) cobalt(III)
(Co(tmhd)3).8,15 Using Co(tmhd)3, high purity Co films were deposited onto copper (Cu)
surfaces at between 275 and 325℃. The deposition happened selectively on Cu surface
but not on bare Si wafer. In the case of more toxic cobaltocene, pure cobalt films could be
deposited at temperatures between 285 and 320℃ onto native oxide surface of silicon
wafers (nSi), tantalum nitride (TaN) or titanium nitride (TiN) barrier layers on silicon
11

wafers. The electrical resistivities of the cobalt film were comparable to those deposited
by other means.
Due to the limited number of precursors studied for the SFD process, further
fundamental investigation of possible precursors and relevant chemistry is needed to
make the cobalt SFD technique more accessible. Here we are studied the precursor
bis(2,2,6,6-tetramethyl-3,5-heptanedionato) cobalt(II) (Co(tmhd)2) for cobalt SFD.
The solubility of Co(tmhd)2 in scCO2 is comparable with that of Co(tmhd)3, and
only slightly lower than that of cobaltocene16-18. This makes it a promising candidate as
precursor for cobalt SFD. Depositions on common substrates were performed, including
silicon wafer with native oxidation layer (nSi) and TaN barrier layers on surface oxidized
silicon wafers (TaN/SiO2/Si). Depositions on Cu surfaces were performed and their
effectiveness as oxidation barrier layers was examined. The ability of the deposition to
infiltrate into porous substrates was also studied using a porous carbon coated Si wafer
(C/Si) substrate.
This work is in collaboration effort with Professor Masashi Haruki from
Kanazawa University.
2.2 Experimental
2.2.1.

Materials

2.2.1.1 Chemicals
Bis(2,2,6,6-tetramethyl-3,5-heptanedionato) cobalt(II) (99.9% metals basis, FW
425.46, MP 143℃) was purchased from Alfa Aesar of Johnson Matthey Inc., and used as
received. Bone dry grade CO2 (CD BD 300) and ultra-high purity grade H2 (HY UHP 300)
were purchased from Airgas, Inc. Silicon wafers of (100) orientation (p-type, boron dopant)
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were obtained from University Wafer. Copper (Cu) plates were brought from McMaster-Carr.

2.2.1.2 Substrates Preparation
Before deposition, the substrates of nSi and TaN/SiO2/Si were cleaned by
ultra-sonication in a concentrated sulfuric acid bath for about 15 minutes. Substrates with
copper surfaces include copper plates (Cu plates) and 70 nm copper coatings sputtered on
TiN barrier layer coated nSi (Cu/TiN/SiO2/Si). They were cleaned with ultra-sonication
in acetic acid, acetone, and 2-propanol baths successively for about 5 minutes each.
C/Si substrates were prepared by forming a porous carbon layer on nSi using a
method reported by Meng et al.,19 namely, calcination of the polymer mixture of resol
and Pluronic® F127 (ethylene oxide/propylene oxide/ethylene oxide triblock copolymer,
BASF) in nitrogen (N2) atmosphere. The prepared porous carbon was characterized using
transmission electron microscopy (TEM) (Fig. 2-1), showing an ordered porous structure
with d-spacing of 13.8 nm, in good agreement with the literature, where the pore size was
reported to be around 4 nm.

Figure 2-1. TEM images of porous carbon substrate.
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2.2.2.

Depositions of Cobalt in ScCO2

Figure 2-2. Schematic diagram of the cold-wall deposition apparatus.
An apparatus similar to that described previously15 was used (Fig. 2-2). It was a
153 mL cold-wall reactor with inlets for different gases and an outlet for purging and
venting. The wall of the reactor was heated by four cartridge heaters and the pedestal was
resistively heated using an embedded heating coil. The heaters were controlled by
separate temperature controllers (OMEGA Engineering, Inc., CN76000). As the pedestal
temperature was much higher than that of the wall, the reaction proceeded selectively on
the heated substrate.
In a typical experiment, substrates were first placed onto the heating stage. The
rest of the heating stage was covered by a glass insulator to reduce cobalt deposition on it.
A known amount of cobalt precursor, Co(tmhd)2, was put in a small polyimide container
and placed onto the glass insulator. The reactor was then sealed, was flushed with N2 at
room temperature for 30 minutes. Wall and stage heaters were then turned on to 90℃, and
CO2 was slowly introduced into the reactor using a high-pressure syringe pump (ISCO
Inc., Model 500HP). The introduction of CO2 was carefully controlled so that the fluid
inside the chamber reached equilibrium at 90℃ and 13 MPa. The equilibrium was kept
for 3 hours for the dissolution of Co(tmhd)2 in scCO2. Prior to deposition, H2 was added
14

to the reactor from a 70 mL high-pressure vessel. The amount of H2 added was estimated
from the pressure drop in the vessel using ideal gas model, and was kept to be over 100
times in excess. The stage heater was then set to the deposition temperature, heating up
the stage to the set temperature in less than 5 min, initiating the deposition. The
deposition periods were 60 minutes, and the pressure and the temperature of CO2 bulk
phase in the reactor increased gradually during the deposition. The final pressure and
bulk scCO2 temperature inside the reactor were near 21 MPa and 190℃, and were
dependent on the deposition temperature. After deposition was finished, the stage heater
was turned off, and the reactor was then purged with pure scCO2 using the high-pressure
syringe pump to remove unreacted reagents and by-products.
In all cases, a small amount of precursor residue was found in the polyimide
container after the deposition. Reducing the initial precursor loading didn’t eliminate the
small amount of residue, ruling out the possibility that the precursor amount exceeded the
dissolution limit in the process. By fitting reported solubility data in the Chrastil
equation,17 the solubility limit was estimated to be 1.0g/L at 90℃ and 13 MPa (about 0.15
g for the 153 mL reactor). This was higher than the initial precursor loading in most cases.
A possible reason of the residue was that the Co(tmhd)2 reagent contained impurities
insoluble in scCO2.
2.2.3.

Characterization
Morphologies of the deposited films were characterized by scanning electron

microscopy (SEM) with JSM 6320F High-Resolution Scanning Electron Microscope
from JEOL. Crystalline structures of the deposited films were characterized by X-ray
powder diffraction (XRD) with X’Pert3 Powder X-ray diffraction system from
15

PANalytical. Film thicknesses were measured by Dektak 150 mechanical profilometer
from Veeco Instruments Inc.
Compositions of the deposited films were characterized by X-ray photoelectron
spectroscopy (XPS) with Quantum 2000 Scanning ESCA microprobe from Physical
Electronics, Inc. Raw XPS data was analyzed using MultiPak V6.1A software from the
same company.
Surface resistivities of Co film deposited were measured by four-point probe
method with resistivity test unit from JANDEL Engineering, Ltd. The measurements
were carried out at several positions on each sample, with currents up to 7 mA. Surface
resistivities were estimated using the formula below:
Rs = 4.532 ×ΔV / I
where Rs represent the surface resistivities. ∆V represents the potential difference
between detection probes at arbitrary current, I. Linear fits were applied to the ∆V-I
curves of each point, and the slopes of which were taken average to be the ∆V/I value for
each sample.
The electrochemical properties of the Co film deposited on Cu plates were
investigated by cyclic voltammetry (CV) analysis with CHI 600D electrochemistry
testing system from CH Instruments Inc. The characterized samples were used as the
working electrode, a platinum wire was used as the counter electrode, and an
Ag/AgCl-saturated KCl electrode was used as reference. All CV analyses were carried
out in 0.1 M KOH solution. The potential sweeps were started from 0 V, raised to a
positive maximum of 0.6 or 0.7 V, and then back to a negative maximum of -1.3 V at a
rate of 100 mV/s. 5 cycles of the measurements were carried out continuously.
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2.3 Results and Discussion
2.3.1.

Depositions on nSi and TaN/SiO2/Si Substrates
Cobalt was deposited on nSi surfaces from 300 to 320℃, and on TaN/SiO2/Si

surfaces from 280 to 320℃. In all cases, the loading of Co(tmhd)2 was 0.1 g (2.4×10-4
mol), which corresponds to approximately 0.65g/L in CO2. SEM images of the
depositions are shown in Fig. 2-3. The depositions on the nSi surface did not form
homogeneous films regardless of deposition temperature. (Fig. 2-3(a,b)) Large
discontinuous grains were formed on the surface, and the deposited cobalt showed poor
adhesion to the substrate and could easily be removed by wiping with a piece of paper.
Similar to the case on nSi, deposition on TaN/SiO2/Si at 280℃ failed to give full
continuous coating, and a granular film was observed. (Fig. 2-3(c)) However, at
deposition temperatures from 300 to 320℃, continuous cobalt films were obtained after
the deposition. (Fig. 2-3(d-f)) The grain size measured from the SEM images was 200 nm
or less.
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Figure 2-3. SEM images of Co depositions on nSi and TaN/ SiO2/Si. Depositions on nSi
at (a) 310℃ and (b) 320℃; and depositions on TaN/SiO2/Si at (c) 280℃, (d) 300℃, (e)
310℃, and (f) 320℃.
Nonetheless, both the granular deposition on nSi and continuous film on
TaN/SiO2/Si were more effective than previous attempts using Co(tmhd)3, which failed to
give significant deposition.8 This indicates that the reduction of Co(tmhd)2 by H2 is more
facile than that of Co(tmhd)3. A thorough explanation to this difference in reactivity
would require further studies of reaction mechanisms.
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Figure 2-4. XPS measurements of Co film deposited on TaN/SiO2/Si at 310℃. (a): XPS
survey after 10 min Ar+ sputtering; (b): sputter depth profile.
XPS analysis was performed on the film deposited on TaN/SiO2/Si at 310℃, and
Fig. 2-4(a) shows the survey spectrum after 10 min of Ar+ sputtering. Only peaks
associated with cobalt could be identified, showing high purity of the cobalt film without
C or O contamination. The composition depth profile (Fig. 2-4(b)), shows the film was
highly pure as soon as the film surface contaminated by the atmosphere was sputtered
away, and was consistent at different depth of the film.

Figure 2-5. XRD patterns of deposited Co films. Films deposited at (a) 320℃ and (b)
300℃, on surfaces of TaN/SiO2/Si (red curves) and nSi (black curves).Patterns: 1. hcp
Co(100), 2. fcc Co(111), 3. hcp Co(002), 4. hcp Co(101), 5. fcc Co(200), 6. fcc Co(220),
7. hcp Co(110).
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The crystalline structures of films deposited onto nSi and TaN/SiO2/Si were
analyzed by XRD, and the results at deposition temperatures of 320 and 300℃ are shown
in Figure 2-5. The XRD peak patterns of the cobalt films showed the coexistence of the
hexagonal-closed packed (hcp) with the face-centered cubic (fcc) structures in all cases,
which is similar to results reported previously, using cobaltocene as the precursor.15 It has
also been reported that although the hcp structure is stable up to 420℃, the fcc structure
also appears at ambient temperature because of size effect of the cobalt particles.20,21
2.3.2.

Conductivity of Cobalt Thin Films
Volume resistivities of cobalt films deposited on TaN/SiO2/Si at 300 and 320℃

were investigated at room temperature. They were estimated from surface resistivities
and film thicknesses. The film thicknesses measured were 200 and 250 nm for deposition
at 300℃ and 320℃ respectively. Volume resistivities were estimated using the formula:
Rv = Rs×t
where Rs and Rv represent the surface and volume resistivities, respectively, and t
represents the film thickness.
The volume resistivities of the films deposited at 300 and 320℃ were
(1.5±0.1)×10-7 and (1.7±0.2)×10-7 Ω·m, respectively. These values are comparable to
those reported using other deposition methods,22,23 and indicate the good connectivity of
the deposited films. These thin film resistivities were about 2.5 times higher than that of
the literature value of pure cobalt, 6.4×10-8 Ω·m at 20℃.24 This increase of resistance
can be explained by interface and grain boundary scattering, and porosity of the films.
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2.3.3.

Oxidation Barrier for Copper Substrates

2.3.3.1 Deposition on Cu Surfaces

Figure 2-6. SEM images and XPS analysis of Co films deposited on Cu plates at 300℃.
(a) and (b): SEM images of the film surfaces deposited on Cu plates using 0.1 and 0.2 g
loadings of Co(tmhd)2, respectively. (c) and (d): XPS sputter depth profiles of sample (a)
and (b), respectively.
Cobalt depositions on Cu plates were carried out using 0.1 and 0.2 g of Co(tmhd)2
at 300℃. The SEM images of the deposited films and corresponding XPS depth profiles
are shown in Figure 2-6. The SEM images show that the size of grains was larger in the
case of 0.2 g Co(tmhd)2 loading than that of 0.1 g Co(tmhd)2 loading. XPS depth profiles
of the cobalt film deposited using 0.2 g Co(tmhd)2 showed a layer of high purity cobalt at
sputtering times of up to 55 minutes, where the signal of copper appeared. On the other
hand, the cobalt film deposited using 0.1 g Co(tmhd)2 had noticeable copper signal as
21

early as after 4 minutes of sputtering. This indicates that a thicker film with much better
coverage was deposited in the case of 0.2 g Co(tmhd)2 initial loading compared to 0.1 g
Co(tmhd)2 initial loading. The XPS depth profiles also show very low levels of carbon
and oxygen contamination in both cases. Furthermore, XRD pattern of the sample with
0.2 g Co(tmhd)2 is shown in Fig. 2-7. Only distinct patterns of copper and cobalt could be
found, indicating distinct layers of cobalt and copper without any alloy or solid solution
formation.

Figure 2-7. XRD patterns of the cobalt film deposited Cu plate.
Cobalt deposition with 0.2 g Co(tmhd)2 loading was also performed onto
Cu/TiN/SiO2/Si substrate for the study of oxidation resistance in air. The SEM image of
the cobalt layer surface and the XPS-depth profile are shown in Figure 2-8. The films are
comprised of cobalt grains of 100 nm or larger, similar to those on Cu plate with the same
precursor loading, and XPS data verified the full coverage, high purity cobalt deposition
on the copper layer.
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Figure 2-8. Co films deposited on Cu/TiN/SiO2/Si at 300℃. (a) SEM images and (b)
results of XPS analysis.
2.3.3.2 Thermal Oxidation Tests
Thermal oxidation tests were performed on samples of cobalt deposited on
Cu/TiN/SiO2/Si substrates, along with a control sample of bare copper plate. Samples
were heated in a tube furnace for 1 hour with air flow, and XPS-depth profiles obtained
are shown in Figure 2-9. The bare copper plate was oxidized at 280℃, as indicated by the
presence of oxygen peaks at around 530 eV, typical of copper oxides.25,26 Cobalt coated
samples, on the other hand, were effectively protected from Cu oxidation up to 405℃.
The oxygen peaks apparent at approximately 532 eV after 100.5 minutes of Ar+
sputtering peaks are assigned to SiO2 rather than copper oxides. 27 , 28 At higher
temperature of 430℃, copper diffused across the cobalt layer to the surface and was
oxidized. This breakdown temperature was higher than what has previously been reported
(around 350℃).9 This is, however, probably because of the thicker cobalt coating on our
samples.
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Figure 2-9. XPS-depth profiles and oxygen spectra of Co coated Cu samples after
thermal oxidation. (a): Bare Cu plate after oxidation at 280℃; (b-e): Co/Cu/TiN/SiO2/Si
samples after oxidation at (b) 355℃, (c) 380℃, (d) 405℃, and (e) 430℃; (f): O_1s
spectra after 100.5 minutes of Ar+ sputtering, of Cu plates after oxidation at 280℃
(sample in (a)), and Co/Cu/TiN/SiO2/Si after oxidation at 405℃ (sample in (d)).
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2.3.4.

Cobalt Deposition on Porous Carbon

Figure 2-10. SEM images and the results of XPS analysis for Co films deposited on C/Si
at 300℃. (a)–(c): SEM images of the film surfaces deposited using Co(tmhd)2 loadings
of (a) 0.1 g, (b) 0.05 g and (c) 0.025 g, respectively. (d)–(f): XPS depth profiles of films
corresponding to (a)-(c), respectively.
Cobalt depositions on C/Si were carried out at 300℃. Co(tmhd)2 loading was
varied from 0.1 to 0.025 g (2.4×10-4 to 5.9×10-5 mol). The SEM images and the XPS
sputter depth profiles are shown in Fig. 2-10. At 0.1 g-Co(tmhd)2 loading, a pure cobalt
thick film on the carbon layer was observed, and the grain size of the film was 300 nm or
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less. At 0.05 and 0.025 g-Co(tmhd)2 loadings, the maximum cobalt concentrations in the
depth profiles were clearly lower, and the signals of carbon concentration attributed to the
carbon layer could be found at shallow depth near the surface. Therefore, cobalt layers
were considered to have incomplete coverages on the carbon layer. Although sputtering
time cannot be directly converted to the depth from the surface because sputtering rate
varied depending on material species, it can still be inferred from the difference in the
slopes of cobalt concentration decrease in the depth profiles that the cobalt was loaded at
deeper position of the carbon substrate for the 0.025 g-Co(tmhd)2 loading compared to
that of the 0.05 g-Co(tmhd)2 loading.
2.4 Conclusions and Outlook
In the present work, the deposition of cobalt films from Co(tmhd)2 in scCO2 was
carried out on several surfaces, and showed a more facile deposition of the precursor
compared to Co(tmhd)3. Full coverage, high purity cobalt films were deposited on the
surfaces of TaN and Cu at deposition temperatures 300℃ or higher. On the other hand,
continuous cobalt films were not formed on nSi at temperatures up to 320℃.

The

conductivity of the cobalt films was among the highest in reported values, verifying the
good quality of the deposited films. Moreover, the cobalt films deposited on copper
substrates effectively protected copper from oxidation at up to 405℃.
Besides cobalt, other metals are also of interest to be coated on copper substrate to
prevent oxidation, thermal diffusion, and electromigration. Ruthenium (Ru) is of
particular interest as barrier layer/glue layer for copper circuits due to its high melting
point,(2310℃) immiscibility and high interfacial adhesion with copper, and relatively
high conductivity among common materials used for barrier layers. Almost all reports
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deposits ruthenium first on the substrate, and Cu deposition was made on Ru surfaces.
29-32

Ru formation on Cu surfaces would enable new fabrication routes for complex IC

designs.
We have conducted Ru SFD on copper surfaces using the precursor
Bis(2,2,6,6-tetramethyl-heptane-3,5-dionato)(1,5-cyclooctadiene)ruthenium(II)
(Ru(tmhd)2cod), with the same cold-wall reactor deposition process as mentioned in
Section 2.2.2, and the same parameters as previous reports of Ru SFD on Si wafers and
Ta coated Si wafers.33,34 However, instead of pure Ru film found in previous reports,
depositions on copper coated Si wafers yielded deposited film with a mixture of Ru and
Cu, as is illustrated in SEM/EDS analysis and XPS depth profile in Fig. 2-11.
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Figure 2-11. (a) Cross-sectional SEM images of Ru SFD on Cu-coated Si wafer with (b)
EDS analysis of the deposited layer, and (c) corresponding XPS depth profile.
This mixing of Ru and Cu was not possible in bulk phase as the two metals are
immiscible. The mixing witnessed here was probably due to the formation of Ru-Cu
core-shell structure at elevated temperatures as has been reported previously. 35,36 It has
also been reported that electroless deposition at near ambient temperatures yielded good
quality ruthenium film on copper. 37 It would be desirable to further investigate the
possibility of Ru SFD on Cu by exploring precursors that yield depositions at lower
temperatures. Investigations using ruthenium(III) chloride salt as precursor and using
ethanol as co-solvent and reducing agent are under way.
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CHAPTER 3
CONFORMAL GOLD COATINGS ON TITANIA WOODPILE STRUCTURES
FOR WAVELENGTH-SELECTIVE THERMAL EMITTERS
3.1 Introduction
3.1.1.

Metallic Photonic Crystals as Thermal Emitters
Metallic photonic crystals (MPCs) are metallic structures with spatial periodicity

at the scale of the wavelength of light. They enable specific light-matter interactions that
give rise to unique optical properties non-existent in traditional bulk materials, such as
wide photonic bandgaps 1-3 and enhanced absorption at the bandgap edges. 4 These
non-conventional properties lead to thermal radiation enhancements that can be
specifically tailored in both wavelength and polarization,4,5 Thus, MPCs have significant
application potential in high efficiency thermal photovoltaics,

6 - 11

self-cooling

devices,12-15 and chemical and bio-sensors.16,17
For many of these applications, a thermal emitter working in IR region is
desirable. Thermal photovoltaics in the IR region can be used to efficiently recover waste
heat at below 500℃. The ability to harness heat energy at relatively low temperature is
essential for practical application.18 Self-cooling devices rely on concentrated radiation
in the so called transparency windows of the atmosphere, which are in the mid-IR region
(wavelengths 8-14µm). The radiation can therefore reach the cold outer space without
being absorbed by the atmosphere, leading to cooling to temperatures lower than
atmospheric temperature.
3.1.2.

Fabrication of MPCs
The earliest reports of MPC fabrications were silicon-based processes developed
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from integrated circuit fabrication technology.19,20 They were layer-by-layer methods
with a combination of UV-lithography, metal deposition, etching and chemical
mechanical polishing steps for each layer. These processes were sophisticated and were
high in facilities cost and process cost.
To drive down the complication and cost of MPC fabrication, other fabrication
technologies have been developed. These fabrication methods usually include two steps,
1) fabrication of the periodic structure (PCs) with non-metallic materials, such as
dielectrics and polymers, and 2) metallization of the structure. A number of techniques
have been developed for both processes.
3.1.2.1 Fabrication of PC Structures
One effective and straight forward way to fabricate of PC structures is direct laser
writing (DLW). This technique focuses light onto a photosensitive resin where only the
resin within the focal volume undergoes photo-polymerisation and is left intact after the
removing of unreacted resin. DLW is capable of realizing arbitrary structures in the
micro-scale, and has been extensively used on micro-fabrication. 21 - 24 However,
limitations of the technique include high facility cost, slow fabrication speed, and
resolution limited by the wavelength of light. Measures to overcome these limitations are
under development.25-29
Colloidal crystals are also used to fabricate PC structures. Silica or polymeric
spheres of uniform sizes self-assemble into periodic multilayers commonly referred to as
opals. The self-assembly process is cheap and easy to carry out, but it has to be controlled
at a very slow rate to get a well-ordered structure, and is therefore very time consuming.
The voids in the opal structure also have narrow necks, which may be problematic in
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subsequent metallization process.30,31
On the other hand, nano-imprint lithography (NIL) is an attractive method to
fabricate nano-patterned structures. It can be easily scaled-up to large area, and the
manufacture process is relatively fast and easy, making it promising for cheap and
high-throughput fabrication. PC structures fabricated using this method are usually 3D
woodpile structures using layer-by-layer strategy. Polymers have been the most
convenient materials for this process. They can be easily patterned as solution or melt,
and after cross-linking enable retention of 3D structure. With this strategy, Lee J.-H.
et.al.,32 developed a technique called two polymer micro-transfer molding. Polymeric
woodpile structures were fabricated by carefully filling PDMS molds with
UV-crosslinking prepolymers, and the layers of polymer gratings are stuck out from the
mold by the substrate. Well-defined structures of with up to 12 stacked layers were
obtained. Furthermore, sol-gel inorganic precursors and polymer/ inorganic hybrids are
also used to incorporate inorganic materials in the structure to improve optical
functionality.33-37
These materials, however, cannot be used in thermal emitters because of their
thermal instability. Polymers have relatively low glass transition temperatures, above
which they deform readily. Sol-gel systems and polymer/inorganic mixtures shrink
significantly upon thermal treatment, causes dimensional instability and cracking.37,38 In
respond to the thermal instability problem, There has also been report of gold
nanoparticles (NPs) used in soft imprinting without the addition of polymer or sol-gel
systems, but the need for organic ligand in high volume fraction also resulted in
catastrophic shrinkage.37,39
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Recently, Kothari, et. al.40 reported the fabrication of woodpile structures with
thermally stable ceramic materials, indium tin oxide (ITO) and titanium dioxide (TiO2),
using a layer-by-layer imprint-planarize-imprint method. Well-defined TiO2 woodpile
structures up to 4 layers were fabricated from residue-layer-free soft-imprinting of TiO2
nanoparticle dispersions. Final calcination steps were needed to form a connected
nanostructure, which also demonstrated the high thermal stability of the structure.
3.1.2.2 Metallization of PC Structures
Most of the PC structures fabricated are either polymers or dielectric compounds.
Therefore, metallization is needed to turn those structures into MPCs. Among different
kinds of metal, gold is advantageous in many ways. First, its short skin-depth eases the
requirement of coating thickness in order to hinder optical signals from the woodpile
frame. Second, its low bulk-phase emissivity gives a low baseline to the emissivity
enhancement. Besides, it’s also highly stable against oxidation.
There are generally two strategies of metallization: 1) applying a metal coating on
the structure surface, forming a metal/ceramic hierarchical structure;41-45 and 2) filling
the voids of the structure with metal and then etching off the template, leaving the
metallic reverse structure.46,47 Metal coating is more advantageous because it eliminates
the need for etching away the template. Metal coatings on a ceramic structural frame
would also be more thermally stable and suitable for high temperature applications
compared to pure metal structures. A metal coated structure would behave similarly to a
pure metallic structure as long as the coating is thicker than its skin depth.48
As discussed in Chapter 1, only coating techniques that involve chemical
processes can be considered on 3D structures because they are capable of coating
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surfaces of complex geometries in a conformal way. Up to now, reported techniques
includes electroless deposition and CVD,41-45 but these deposition processes suffered
from slow deposition rate, unstable precursor solutions, and deposition results with poor
conformality. In comparison, SFD technique is promising to obtain conformal coatings in
a quick and environmentally friendly manner. Previous depositions have demonstrated
pure metal coatings with uniform thickness inside trenches, 49 as well as conformal
coatings filling high aspect ratio trenches,50,51 but demonstrations of conformal coating
on 3D complex geometries has been limited to specific systems and requires doping
atoms or adhesion layers.52
3.1.3.

Project Summery
In this work, we demonstrate a new strategy for scalable fabrication of metallic

woodpile structures. 3D PC structures are fabricated using layer-by-layer NIL strategy
with TiO2 NP solutions, resulting in double-layer TiO2 woodpile structure. Double layer
structures are reported to exhibit thermal emission enhancement that is most concentrated
at a single wavelength.7 The structures fabricated have micron-scale patterns, different
from the sub-micron-scale patterns previously reported.40 Metallization of the structure
was achieved by coating conformal gold film on the entire surface of the structure with
SFD

process.

The

precursor

used

was

dimethyl(acetylacetonate)gold(III)

[(acac)Au(CH3)]. It has been previously reported that high purity gold film could be
obtained using this precursor, and trenches with high aspect ratio could be completely
filled.50 The obtained gold-coated woodpile structure showed conformal gold coating
with high purity on the entire structural surface. A comparison between cold-wall reactor
and hot-wall reactor in the gold deposition process was discussed, as well as the thermal
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emission enhancements of the resulting structures. This work was in collaboration effort
with Amir K. Moridani, Rohit Kothari, Yiliang Zhou, and Professor Jae-Hwang Lee.
3.2 Experimental
3.2.1.

Materials
Norland optical adhesive 60 (NOA60) was purchased from Norland Products, Inc.

Methanol (ACS grade) was purchased from Fisher Scientific. Propylene glycol
monomethyl ether acetate (PGMEA, ReagentPlus grade) was purchased from
Sigma-Aldrich. Dimethyl(acetylacetonate) gold(III) [(acac)Au(CH3)2] was purchased
from Strem Chemicals and was used as received. Bone dry grade CO2 (CD BD 300) and
ultra-high purity grade H2 (HY UHP 300) were purchased from Airgas Inc. Silicon wafers
of (100) orientation (p-type, boron dopant) was purchased from NovaElectronics, cut into
small pieces and treated with oxygen plasma for 2 min before use.
Titanium dioxide (anatase, 20 wt %, 15 nm average particle size) nanoparticle
dispersion in 1,2-propanediol was purchased from US Research Nanomaterials, Inc. It
was further mixed with methanol at a solution to methanol weight ratio of 1.15, subjected
to sonication for a few minutes, and filtered with 0.45 µm PTFE syringe filters before
being used in soft-imprinting.
PDMS stamps were prepared with Sylgard 184 silicone elastomer kit purchased
from Ellsworth. The grating pattern was replicated from SU-8 photoresist patterns on Si
wafers developed after UV lithography. The dimension of the gratings was 4 µm in
periodicity, 2 µm in rod width, and 3 µm in rod height.
3.2.2.

Fabrication of Titanium Dioxide Woodpile Structures
Similar to previous report for patterns of smaller dimensions,40 patterned PDMS
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stamp replicas were made from SU-8 on silicon wafer master mold, and titanium dioxide
woodpile structures were fabricated on 2.5 cm × 2.5 cm oxygen (O2) plasma treated Si
wafers using the imprint-planarize-imprint strategy. A schematic of the fabrication is
shown in Figure 3-1.

Figure 3-1. Schematic of fabrication of TiO2 woodpile structures.
Each layer of patterned TiO2 was imprinted on substrates from its dispersion using
the PDMS stamp prepared. Because of the bigger dimension of the pattern, thicker film
of TiO2 dispersion had to be imprinted, and a glove box was used to regulate the relative
humidity at 3% to ensure reproducibility. After placing PDMS stamp on the spincoated
film, the sample was placed on 50℃ hot plate for at least 6 hours before the stamp was
peeling off. The imprinted TiO2 pattern was then placed on 150℃ hot plate for 10 min to
evaporate all the remaining solvent.
A planarization step was needed on the imprinted TiO2 pattern to form a planar
surface to imprint the next layer. This was done with the UV-crosslinkable polymer
NOA60 dissolved in PGMEA. The NOA60/PGMEA solution was spincoated onto the
imprinted TiO2 pattern in two steps: first using a solution of 30 wt%, at 1000 rpm for 1.5
min, and then a solution of 20 wt%, at 2000 rpm for 1 min. This ensured a relatively flat
surface with height variations no more than 40 nm. The surface was treated with O2
plasma before each spin coating step to improve the wetting of the surface, and the spin
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coated film was exposed to UV curing for 10 min. The next layer of TiO 2 patterns was
imprinted on top of the planarized layer perpendicularly to the previous pattern without
O2 plasma treatment.
After these imprinting and planarization steps, the layer by layer structure was
calcined at 720℃, burning off the NOA60 and sintering the TiO2 NPs to form a
continuous and rigid woodpile structure.
3.2.3.

Depositions of Gold Thin Films
Gold depositions were carried out either in a 100 mL cold-wall reactor or in a 30

mL hot-wall reactor using setups and processes similar to those previously reported.50
The cold-wall reactor set-up was similar to the one described in section 2.2.2. The
only difference was that the volume is smaller, and the height of the reaction volume was
less. The deposition process was also similar. The substrates and precursor were loaded
onto the heating stage. The precursor loading was no more than 0.06 g. The chamber was
sealed, purged with N2, then CO2 was introduced and the chamber was heated to dissolve
the precursor. The condition used for dissolution was 60℃ and 14 MPa, and was kept for
30 min. This dissolution condition was reported to be capable of dissolving all the
precursor loaded in the reactor.50 After dissolution, an excess amount of H2 was
introduced and stage was further heated to initiate the deposition. The deposition was
carried out for 30min before the stage heater was turned off and the gas inside was
purged with pure scCO2.
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Figure 3-2. Schematic of the gold SFD hot-wall reactor setup.
For hot-wall reactor, a schematic of the setup is shown in Figure 3-2. A
high-pressure stainless steel cylinder reactor was horizontally placed, and was wrapped
with a heating band and a layer of glass fiber insulator. The heating band was connected
to a temperature controller (OMEGA Engineering, Inc., CN76000), controlling the
temperature of the outside wall of the reactor. A gas inlet was connected to one end of the
cylinder, with a pressure gauge and a rupture disc attached. The other end of the reactor
was connected to an in-line filter and then to a carbon bed and a bubbler. A rod thermal
couple was also introduced from the outlet end to the center of the reactor volume to
monitor the internal temperature. At equilibrium, the inner temperature reading from the
thermal couple was within 5°C of the set temperature of the outside wall.
In a typical deposition, a Teflon film was wrapped around the inner wall of the
reactor, thereby preventing excessive contamination on the stainless steel inner wall. A
magnetic stir bar was placed in the center of the cylinder, which was stirred by a rotating
magnet outside the reactor, ensuring complete mixing of the fluid in the reactor.
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Substrates for gold deposition were placed on one side of the stir bar, close to the center,
and a known amount of (acac)Au(CH3)2 precursor was placed on the other side. The
reactor was then sealed and connected to the inlet and outlet tubing.
A slow flow of N2 was first purged though the reactor for 15 min to clean up the
O2 in the reaction volume. Then the reactor was pressurized with CO2 from a high
pressure ISCO Inc. Model 500D syringe pump and the temperature of the outside wall
was heated to 60℃ at the same time. The introduction of CO2 was carefully monitored so
the pressure of the reactor would be approximately 14 MPa when the temperature of the
reaction volume was equilibrated at 60℃. At this pressure and temperature, CO2 is at its
supercritical state. This equilibration was then kept for 30 min to dissolve the precursor
into scCO2.
After equilibration, the deposition reaction was started by introducing H2 from a
syringe pump similar to the one used for CO2 introduction. The hydrogen introduction
resulted in a pressure rise of about 2.0 MPa, which was more than 100 fold in excess in
all cases. After 30 min reaction time, the reactor was vented in less than 1 min, effectively
stopping the reaction. The reactor was then re-pressurized with CO2 and purged with
scCO2 at 60°C and 12.4 MPa to extract any unreacted precursor and byproducts. The
scCO2 used for this cleaning step was more than 3 times of the reaction volume.
3.2.4.

Characterization
PC and MPC structures and morphologies of deposited gold films were

characterized by scanning electron microscopy (SEM) with Magellan 400 XHR-SEM
High-Resolution Scanning Electron Microscope from FEI.
Compositions of the deposited gold films were characterized by X-ray
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photoelectron spectroscopy (XPS) with Quantum 2000 Scanning ESCA microprobe from
Physical Electronics, Inc. The characterization spot size was 0.5 mm * 0.5 mm.
Atmospheric contaminant was removed from the sample by Ar+ sputtering. Raw XPS
data was analyzed using MultiPak V6.1A software from Physical Electronics Inc.
Surface height profiles were measured with Verifire XL interferometer from Zygo.
Atomic-force microscopy (AFM) was done with SPM Dimension 3100 from Veeco, and
data was analyzed with NanoScope V5.23 software from the same supplier.
The thermal radiation spectrum of gold coated TiO2 structures was measured with
a setup using a FTIR spectrometer (Thermo Scientific, NICOLET 6700), similar to what
was reported previously53. The detector was MCT/A (HgCdTe or mercury cadmium
telluride) detector and was cooled by liquid nitrogen. Samples were adhered on a hot
plate, and heated to three temperatures between 180℃ and 220℃. The temperature of the
sample was monitored by measuring the emission of a thin PDMS film coated on the
sample near the woodpile structure, using an infrared camera (FLIR, T450sc). Thermal
radiation was measured at an incident angle of about 8° to avoid artifacts in the radiation
spectrum resulted from multiple reflection between the FTIR and the highly reflective
surface of the sample.54 A linear polarizer was placed in the light path to study the
polarization of the radiation enhancements. The measured radiation consisted of two parts:
the radiation from the sample and the reflected radiation from the surroundings. The
reflection from the surroundings was constant for measurements at different temperatures,
and the radiation from the sample can be expressed as a fraction of the blackbody
radiation at the measurement temperatures. The ratio of radiation from the sample to
blackbody radiation is defined as emissivity, and was assumed to be independent of
41

temperature. Thus, comparing the radiation spectra at two different temperatures enables
us to subtract the contribution of reflection and calculate emissivity spectra. The
independence of emissivity from temperature was verified by collecting radiation
spectrum at a third temperature and comparing the spectrum with the prediction based on
the calculated emissivity.
3.3 Results and Discussions
3.3.1.

Fabrication of TiO2 Woodpile Structures
The fabrication of TiO2 woodpile structures was first carried out using similar

protocol as previously reported,40 where the imprinted double layer structures were
calcined at 720℃ for 2 min, and then natural cooled in air. However, rather than a shiny
surface with rainbow colors as mentioned in the previous report, the sample after
calcination here exhibited fibers detached and hanging from the substrate. Fig. 3-3 shows
the SEM images of the structure before and after calcination. The sample before
calcination has a well-connected imprinted line structure,(a) while the sample after
calcination showed overwhelming fracture of the lines at the top layer.(b) The fracture
corresponded to shrinkage along the rods, indicating that tensile thermal stress in the
cooling process was the cause of the fracture.
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Figure 3-3. SEM images of double-layer TiO2 woodpile structures. (a) Before calcination;
(b) after calcination at 720℃ for 2 min, with natural cooling in air.
In the previous report, the TiO2 line patterns were imprinted with PDMS stamps
of a smaller pattern dimension (1 µm pitch, 500 nm width, and 500 nm height). Therefore,
narrower and shorter lines were imprinted at a smaller distance. The patterns of bigger
dimensions we adopted here gave rise to multiple issues that would contribute to the
fracturing we witnessed, including bigger dimensions of the rods themselves, larger areas
of top-to-bottom inter-layer connections, a larger distance between these connections,
more uneven surface of planarized bottom layer, thicker planarization layer, and the
difference in mass and temperature transport.
All the above issues except for the first one are influenced by the bottom layer. To
separate those issues from the first one, imprinted TiO2 patterns on Si wafers coated with
a NOA60 layer was prepared to simulate a perfectly smooth planarized surface. The NOA
layer was spin-coated using the same procedure as the planarization step. TiO2 patterns
were also imprinted using stamps with smaller pattern dimension mentioned above, as an
analogy to the reported small dimension woodpile structure fabrication. These imprinted
single layers on NOA coatings were calcined at 720℃ for 2 min, with natural cooling in
air afterwards. The TiO2 rods of bigger dimension were mostly fractured and detached
from the substrate, appeared as fibers hanging from the substrate, while those of smaller
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dimension remained on the substrate, appeared as shiny surface with rainbow color. This
indicates the difference between the two pattern dimensions was not due to the bottom
layer or the thickness of the planarization coating, but was solely due to the thermal stress
in the larger dimension top layer rods.

Figure 3-4. Optical microscopy images of TiO2 single layer patterns of bigger dimension
imprinted on NOA coatings, after calcination (a)-(c): for 2 min, 10 min, and 30 min
followed by natural cooling in air, (d) and (e): for 5 min, followed by slow cooling of
2℃/min and 1℃/min, respectively.
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TiO2 single layer patterns imprinted on NOA coatings was subjected to different
calcination protocols, and Fig. 3-4 shows the optical microscopy images after calcination.
The samples were blown with a gas flow so that only TiO2 rods still intact with the
substrate were left. The darker areas in the images are where TiO2 rods remained on the
substrate, while the brighter areas are bare Si wafer. Fig. 3-4(a-c) are samples calcined at
720℃ for 2 min, 10 min and 30 min, and then cooled in air. All of them had few TiO 2
rods remain on the substrate, indicating that the interactions between the TiO2 rods and
the substrate could not be improved by longer calcination time to prevent the fracture. Fig.
3-4(d,e) are samples calcined at 720℃ for 5 min, and cooled down slowly to room
temperature, at 2℃/min and 1℃/min respectively. It was clearly evident that more and
more TiO2 rods remained intact to the substrate as the cooling was slowed down.
The improvement against fracture at lower cooling rate could be explained by the
longer time available for the relaxation of the thermal stress. After the TiO2 NPs merge
together and form a connected line at 720℃, and the TiO2 line were in a relaxed state. As
the cooling starts, the TiO2 lines as well as the Si substrate would start to contract. As
TiO2 has a higher thermal expansion coefficient than Si,55,56 a thermal tensile stress
would exert on the TiO2 rods as the sample was cooled. When the sample was cooled
rapidly in air, the thermal stress accumulated rapidly, and the rods would fracture when
the stress exceeded the fracture resistance limit. However, when the sample was cooled
slowly, the thermal stress had more time to be released at higher temperatures, which led
to less stress at room temperature, resulting in alleviated fracturing.
On the other hand, single layer patterns with smaller pattern dimension stood
thermal stress much better than those with larger pattern dimension. This is probably
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because the coalesced nanoparticle structure in small dimensions exhibited mechanical
properties deviate from bulk behavior. A more thorough study is needed to fully
understand this phenomenon.
Finally, 1℃/min cooling rate was applied to the calcination for double layer
woodpile structures, and good double layer structures were obtained with the top layer
remained unfractured. (Fig. 3-5) The further elimination of the fracture compared to the
TiO2 pattern on NOA coating may attribute to the better connection between the top layer
and the bottom layer as the TiO2 NPs coalesced together.

Figure 3-5. (a) Optical microscopy and (b) SEM image of double layer woodpile
structure with 1℃/min cooling.
The TiO2 woodpile structures fabricated was further characterized. Fig. 3-6(a,b)
are cross-sectional images taken from two perpendicular directions, showing well defined
double layer woodpile structure without bending of the top layer. The cross-sections of
the TiO2 rods on each layer are near-rectangular shaped. In some cases, one layer of the
rod leaned to one side, as is illustrated in Fig. 3-6(c). This was probably due to small
variances in the thickness of TiO2 NP dispersion film left after the spincoating step. At
the beginning of the imprinting process, when there was enough solvent present, it was
preferable for the TiO2 NP dispersion to wet the PDMS stamp and fill the voids between
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the features because of surface energy preference. If the film was too thin, the high aspect
ratio features of the PDMS stamp would bend to one side so that the voids would have
small volumes, thus leading to the leaning of the imprinted TiO2 features. The corners of
the square cross-sections of the TiO2 rod were pointed, which was common in
solvent-assisted soft-imprinting and has been reported in a similar process.57

Figure 3-6. Cross-sectional SEM images of double layer TiO2 woodpile structures.(a)
and (b): Cross-sections from two perpendicular angles; (c): cross-section of another
sample, showing leaning of TiO2 rods of the bottom layer.
The dimension of the pattern was also measured. The periodicity and rod width
were measured from the top-sown SEM images, (Fig. 3-6) and rod height was measured
from the optical profiles measured by interferometry, (Fig. 3-7(a)) by taking the
difference of adjacent peak positions in the height histograms (Fig. 3-7(b)). Measurement
results are summarized in the first line of numbers in Table 3-1.
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Figure 3-7. Optical height profile of TiO2 woodpile structure. (a): Profile image; and (b):
corresponding histogram.
Table 3-1. Structural dimensions of TiO2 woodpile structures and gold-coated structures.
(unit: µm)
Sample
Periodicity
Rod width
Rod height
TiO2 woodpile

3.90±0.05

1.04±0.01

1.37±0.02

Cold-wall sample

3.90±0.05

1.21±0.06

1.33±0.02

Hot-wall sample

3.89±0.05

1.24±0.03

1.33±0.03

3.3.2.

Gold-Coated Woodpile Structures
Gold coatings were deposited on double-layer TiO2 woodpile structures with the

SFD method using both cold-wall reactor and hot-wall reactor. Deposition in hot-wall
reactor were carried out with precursor loadings of 0.018 g, 0.04 g, and 0.06 g,
corresponding to initial precursor concentrations of 0.6 g/L, 1.3 g/L, and 2.0 g/L, and the
top-down SEM images after deposition are shown in Fig. 3-8(a-c). At 0.018 g loading,
coverage of gold coating was incomplete, significant exposure of the substrate can be
found at the bottom of the woodpile structure as the dark spots near the side of the
squares. At larger precursor loadings, no such dark spots were found, showing full
coverage of gold coatings. Depositions in cold-wall reactor were carried out with
precursor loadings at 0.06 g, corresponding to initial precursor concentration of 0.6 g/L.
48

In cold-wall reactor, the substrate was heated to higher temperatures (90~150℃) than the
temperature used to dissolve the precursors. Here, gold coatings exhibited full coverage
over the woodpile structure at all temperatures. (Fig. 3-8(d-f))

Figure 3-8. Top-down SEM images of gold-coated woodpile structures.(a), (b), and (c):
samples coated using hot-wall reactor, with precursor loadings 0.018 g, 0.04 g, and 0.06 g,
at 60℃; (d), (e), and (e): samples coated using cold-wall reactor at 90℃, 120℃, and
150℃.
The coverages of the gold coatings were also confirmed by XPS measurements.
XPS spectrum of hot-wall coating at 0.018 g precursor loading (Fig. 3-9(a)) exhibits gold
signals as well as O1s and Ti2p signals, showing incomplete coverage where TiO2
substrate was exposed. XPS spectra of other samples gold-coated with either hot-wall or
cold-wall reactors are similar, and a typical spectrum is showed in Fig. S1b. The
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spectrum shows only gold signals, without Ti2p, O1s, or C1s signals, indicating a
complete coverage and high purity of the gold coating. These results confirmed the
coverages observed from SEM images.

Figure 3-9. XPS spectra of gold-coated woodpile structures. (a): gold coating using
hot-wall reactor at 0.018 g; and (b) a typical spectrum of other samples gold-coated with
hot-wall and cold-wall reactor.
From SEM images of all samples, additional particles were found on the surface
of the gold coating. These particles are pure gold particles as confirmed by XPS spectra.
From hot-wall reactor, particle existence was obvious even when the structure was not
fully covered by gold coating. Samples fully covered by gold film exhibited similar
particle density, with particle size ranging from 0.1 µm to 0.7 µm in diameter. Sample
deposited at 90℃ and 120℃ in cold-wall reactor exhibited clean surfaces. Particles on the
surface were very rare, with diameters less than 150nm when present. However,
deposition at 150℃ in the same reactor exhibited the largest amount of particles.
Particle formation can be explained by homogeneous nucleation that occurred in
the scCO2 phase. In the hot-wall reactor, the temperature distribution inside the reactor
was uniform, not preferring heterogeneous nucleation on the substrate surface than
50

homogeneous nucleation in the scCO2 phase. In the cold wall reactor on the other hand,
the temperature of the bulk scCO2 phase was significantly lower than that of the substrate
surface, At deposition temperature of 120℃ or lower, this difference maintained to be
more than 18℃ in the deposition process. Previous simulations of similar reactor have
verified significant natural convection in the reactor,
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indicating a very thin

solid/supercritical fluid heat transfer boundary layer, where the temperature could be
close to that of the substrate. The temperature difference between the substrate and the
scCO2 bulk phase ensured the preference of the gold deposition towards surface reaction,
resulting in less particle formation. As the temperature of the substrate was increased
further to 150℃, the temperature of bulk scCO2 phase was also higher, reaching 105℃ at
heat transfer equilibrium. At this higher temperature, homogeneous nucleation near the
substrate was also faster, possibly depleting reactants and hinders heterogeneous reaction.
Therefore, particle formation was much more significant.
Typical samples with full coverage gold coatings obtained using both the
cold-wall reactor and the hot-wall reactor were further characterized. For the cold-wall
reactor, the sample with gold deposition at 120°C was selected, and will be referred to as
the cold-wall sample; for the hot-wall reactor, the sample with gold deposition at 0.04 g
precursor loading was selected, and will be referred to as the hot-wall sample.
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Figure 3-10. AFM images of gold coated planar samples. (a) Coating obtained alongside
cold-wall sample; (b) coating obtained alongside hot-wall; and (c) height profile of line
AB in (b).
The coated surfaces of these samples were studied by AFM. Woodpile structures
were not suitable for AFM measurement because of the micro-meter scale step-changes
in height. To simulate the gold coated surface on a planar sample, TiO2 NPs were
spincoated on to silicon wafers, calcinated at 720℃, and deposited with gold alongside
the woodpile structure samples. The AFM images of planar samples are shown in Fig.
3-10. Coating from cold-wall reactor at 120℃ (alongside the cold-wall sample) shows a
multi-grain morphology, diameter of the grains was 90±20 nm. It also exhibited a smooth
surface, (Fig. 3-10(a)) with surface roughness of ra = 6.30 nm and rms = 8.00 nm. In
contrast, coating obtained alongside the hot-wall sample exhibits additional surface
particles. (Fig. 3-10(b)) These particles were over 400 nm high measured from the height
profile, (Fig. 3-10(c)) resulting in a significantly rougher surface. (ra = 22.12nm, rms =
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56.95nm) However, the area without the particles (area in the white box) exhibited
similar surface roughness to that of the cold wall sample, (ra = 6.40 nm, rms = 8.07 nm),
as well as a similar grain size, with diameter 90±30 nm.

Figure 3-11.Cross-sectional SEM images of gold-coated woodpile structure. (a) and (b):
Cold-wall sample; and (c) and (d): hot-wall sample.
The thickness and conformality of the gold coatings were further characterized by
taking SEM images of the cross-section of each layer of the structure. (Fig. 3-11) These
images clearly show conformal deposition of gold coatings on double-layered woodpile
structures, with uniform thickness on the outer surface, the side walls and the bottom. In
some places a slight detachment of the coating from the TiO2 frame can be found, and
this is due to the fracturing when preparing the sample for SEM. The coating thickness
was measured at 7 places across the surface of each sample. The cold-wall sample had a
coating thickness of 116±9 nm, while the hot-wall sample 94±6 nm. Both coatings were
well thicker than the skin depth of gold at IR wavelengths (~25 nm),48 and was therefore
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more than enough to ensure optical properties the same with those of pure gold
structures.

Figure 3-12. Optical profilometry images of gold-coated woodpile structures and their
corresponding histogram. (a) and (b): Cold-wall sample; (c) and (d): hot-wall sample.
The dimension of the pattern was also measured for both cold-wall sample and
hot-wall sample. The periodicity and rod width were measured from the top-sown SEM
images, (Fig. 3-8(b,e)) and rod height was measured from the optical height profiles. (Fig.
3-12) Measurement results are summarized in Table 3-1. Not surprisingly, the dimensions
of gold-coated structures were similar to the TiO2 structures before coating. Periodicities
and rod heights were essentially the same, only the rod widths were larger because of the
gold coating on both sides of the rods. This shows the capability of the conformal coating
method to keep the structure dimension while turning the dielectric material to metallic
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material.

Figure 3-13. Picture of gold coated woodpile structure sample.
Finally, Fig. 3-13 shows the large area capability of the fabrication, using the
cold-wall sample as an example. The size of the structure was about 7 mm × 12 mm, with
few defects on the structure. The size was only limited by the size of the PDMS stamp
used in the imprinting, and could easily be scaled by using larger stamps without
significant variation of the fabrication process.

3.3.2.

Thermal Emission Measurements
The thermal emission was measured for both the cold-wall sample and the

hot-wall sample at polarizations both perpendicular and parallel to the top layer, and the
emissivity spectra are shown in Fig. 3-13. Both samples exhibited a major emission
enhancement peak at around 4.9 μm. This enhancement was detected at both
polarizations as is shown more obviously in the spectra for cold-wall sample. (Fig.
3-13(a)) This partially polarized emission enhancement should be designated to
resonance modes at the photonic band edge, and is expected to exist at the same
wavelength within a wide detection angle.53 Emission enhancements are also witnessed at
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around 4.5 μm and 6 μm. However, these enhancements were not only weaker, but also
completely polarized, indicating that they arose from the resonance modes of surface
plasmon polaritons. The intensity and wavelength of these enhancements are therefore
expected to vary strongly with detection angle,59,60 so these enhancements would not be
significant for wide-angle thermal emitter applications.

Figure 3-14. Emissivity spectra of gold-coated woodpile structures at polarizations
perpendicular and parallel of top layer. (a) Cold-wall sample; (b) hot-wall sample.
In comparison, the thermal enhancement of the hot-wall sample was significantly
weaker than that of the cold-wall sample. This can be attributed to the particles that
formed on the surface of the hot-wall sample, which results in more scattering loss.61
Another possible reason for the weakened enhancement is that gold coatings prepared in
the hot-wall reactor might have lower conductivities at high frequencies.62
3.4 Conclusions and Outlook
We have demonstrated a high through-put fabrication method of gold-coated TiO2
woodpile structures used as thermal emitters in the mid-IR wavelength. Well-defined
micrometer patterned TiO2 double-layer woodpile structures were fabricated from TiO2
NP dispersions with imprint-planarize-imprint technique. The fabrication of micrometer
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patterns requires better thermal stress relaxation than their smaller counterparts. Full
coverage, conformal gold coatings of high purity were deposited on the woodpile
structure using supercritical fluid deposition technique. Gold films deposited in a
cold-wall reactor were smoother compared to those deposited in a hot-wall reactor with
no obvious particle formation on the coating surface. The resulting gold-coated structures
exhibited thermal emission enhancements at approximately 4.9 μm, with samples from
the cold-wall reactor yielding stronger enhancement. This wavelength-selective
enhancement is of great utility for thermal photovoltaics, self-cooling devices and
biochemical sensors, and the ceramic/metal hierarchical structure offers high thermal
stability. This fabrication method combines the scalability of imprint technology with the
fast and conformal metal coating of SFD to fabricate metallic photonic crystals with high
structural quality, and is promising for scalable fabrication of such nano- and
micro-structured devices.
Further investigation can be made on both varying the woodpile structure and
varying the metal deposition. Woodpile structures of multiple layers and of different
pattern dimensions could be fabricated due to the versatility of the imprinting technique,
and be applied to quantitative study of the relationship between structural dimension and
the thermal emission enhancement.
Different kinds of metal and metallic compounds can also be studied for a
head-to-head comparison and to overcome the temperature limit because of the use of
low melting point gold. Our group is also conducting study on turning TiO2 woodpile
structure directly to metallic titanium nitride structure by direct nitration using ammonia
at elevated temperatures.
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CHAPTER 4
CONTINUOUS SOLVOTHERMAL SYNTHESIS OF MANGANESE OXIDE
NANOPARTICLES FOR LARGE-SCALE FABRICATION OF
SUPERCAPACITOR ELECTRODES
4.1 Introduction
Transition metal oxides exhibit different oxidation states that are easily
interchangeable by redox reactions. Fast and reversible redox reactions on the surface of
these metal oxides make them promising active electrode materials for supercapacitors
that provide higher power density than batteries and higher energy density than
capacitors.1,2 Manganese oxides (MnOx) possess multiple oxidation states, and are low
cost and environmental compatible,3 and are therefore an important kind of metal oxides
to be considered for such applications.
However, like many other transition metal oxides, bulk MnOx suffers from low
conductivity and long ion diffusion path that limit the specific capacitance (energy
density) when used as supercapacitor electrodes.4 One promising alternative is the use of
MnOx NPs. With diameters of only 1~50 nm, NPs possess large surface areas for ion
adsorption, and short transport lengths for electron conduction. They can be further
loaded onto high surface area current collectors, such as mesoporous carbon, 5 - 7
graphene,8 and conductive polymers,9 to realize composite electrode materials with high
surface area and high conductivity.
For such electrode materials to be commercially available, scalable synthesis of
MnOx NPs is needed. Synthesis methods reported to date include thermal
decomposition, 10 , 11 wet chemistry, 12 ,13 and hydrothermal/solvothermal synthesis. 14 -16
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These are all reports of batch processes and are not easily scaled-up. In comparison,
continuous synthesis processes have zero down time, and are therefore more desirable for
commercial production.
To realize this strategy, continuous hydrothermal/solvothermal processes have
been under development for many years.17 In this process, water and alcohols are used
because their supercritical states exhibit significantly lower dielectric constants and
therefore lower solubilities of polar compounds compared to their liquid counterparts.18,19
The key to the synthesis process is the direct stream injection, which rapidly heats up a
pressurized metal salt (MLx) solution, leading to an abrupt temperature increase entering
or approaching the supercritical states. In this condition, the existence of OH- from the
dissociation of water leads to hydrolysis and dehydration, forming metal hydroxides and
metal oxides according to the equations：
MLx + xH2O→M(OH)x + xHL
M(OH)x→MOx/2 + (x/2)H2O.
The metal hydroxides/oxides would be highly oversaturated in the supercritical solution,
leading to a burst of nucleation. After the nucleation, further growth of the nanoparticles
is limited by the low solubility of the precursor and intermediates remaining in the
solution. Thus small nanoparticles with a homogeneous size distribution are obtained.
These continuous hydrothermal/solvothermal processes are easily scalable, and large
scale synthesis with capability of 30 tons per year has been realized at a pilot plant in
Korea.18
To date, water is the most commonly used solvent for continuous metal oxide NP
synthesis.17 However, hydrothermal synthesis suffers from the corrosive nature of
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supercritical water to stainless steel,20 which raises safety concerns. Common alcohols
such as methanol, ethanol, and isopropanol have lower critical temperatures and critical
pressures compared to water, as illustrated in Table 1-1. The use of these alcohols in the
processes eases the requirements on materials and processing, and is therefore more
desirable for commercial fabrication. Methanol and isopropanol has been reported for
continuous solvothermal processes to successfully synthesize CeO2, ZrO2, TiO2, and
Fe3O4/Fe2O3 NPs.21-25 These NPs were found to be smaller than those obtained from
similar hydrothermal processes.23-25 However, ethanol is the most common, most
abundant, and cheapest alcohol. Use of ethanol also avoids toxicity issues related to
methanol. Therefore it is desirable to develop a continuous solvothermal synthesis
process using ethanol as solvent.
In the current work, we demonstrate the synthesis of MnOx NPs using a
continuous solvothermal process with ethanol. Mono-dispersed NPs are synthesized with
small size and homogenous size distribution. The crystal structures and oxidation states
are also investigated. The synthesized NPs are capped with common polar ligand
4-hydroxylbenzoic acid to yield stable dispersion in ethanol. The stable dispersion of NPs
ensures their processibility, and paves the way for their incorporation into different
composites, enabling their utilization in electrode materials and other applications.
4.2 Experimental
4.2.1.

Materials
Manganese(II) acetate tetrahydrate (MnA, 99+%) was purchased from Strem

Chemicals. 4-hydroxybenzoic acid (HBA, ≥99%) was purchased from Aldrich Chemistry.
Ethyl alcohol (ethanol, 200 Proof) and hexanes (≥98.5%) were purchased from Fisher
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Scientific. All chemicals were used as received.
4.2.2.

Continuous Solvothermal Synthesis of MnOx NPs
MnOx NPs were synthesized using a continuous flow high pressure setup. A

sketch of the setup is illustrated in Fig. 4-2.

Figure 4-1. Sketch of continuous solvothermal nanoparticle synthesis setup.
The reactor was a counter-current mixing reactor with a mixing volume of 3.6 mL.
Fluids were fed into the reactor by HPLC pumps. P1 was Model PU-2086 from JASCO,
and P2 was Model 2SMP from Eldex Laboratories, Inc. A pure ethanol stream was
pumped by P1 into the top of the reactor through a preheater, where the fluid was
preheated. MnA/ethanol solution was pumped into the bottom of the reactor through ice
water bath. In the reactor, the cold MnA/ethanol solution came into contact with the
heated pure ethanol stream, and MnA/ethanol solution was instantly heated and diluted.
The mixed fluid then flowed upwards to the outlet of the reactor. The temperature of the
reactor was maintained by wrapping a heating coil around it. Temperatures were read at
the bottom entrance and the exit of the reactor. The reading at the bottom entrance was
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approximately 20℃ in all cases, and the reading at the exit was taken as the reaction
temperature. The outlet stream passed the ice-water bath again to bring the fluid to
ambient temperature, and was then released from a back pressure regulator to ambient
pressure and collected. Pressure of the reaction was monitored at the outlet of the reactor
and was controlled by the back pressure regulator. The pressure of the system was kept at
20±1.5 MPa during the synthesis in all cases.
In a typical experiment, the preheater and the reactor heater were turned on and
set to 390℃. Both HPLC pumps were turned on and started pumping from a pure ethanol
reservoir. The flow rate was set at 10 mL/min for P1 and 5 mL/min for P2. After a
continuous flow was seen from the outlet, the back pressure regulator was tightened to
raise the pressure. The system was left to reach equilibrium at 273℃ and 20 MPa. At this
equilibrium, the residence time of precursor solution after mixing was 8 s. After the
equilibrium was reached, the inlet of P2 was moved to a pre-dissolved MnA/ethanol
solution, P2 was paused in the process to avoid air being pumped into the system. The
system was then left to equilibrate for 10 min while the effluent changed from a colorless
pure ethanol stream to a light brown fluid. Collection of the effluent started at the end of
the 10 min equilibration, and could last as long as MnA/ethanol solution and pure ethanol
remains available in the inlet reservoirs. After the collection of the effluent, the inlet of P2
was moved to the pure ethanol reservoir again with a pause of P2. Then the system was
left to run for 10 min, and was depressurized by slowly releasing the back-pressure
regulator. In the end, the system was flushed by high temperature ethanol more than 10
times until the exiting fluid was colorless and free of observable particles before turning
off the pumps and heaters.
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To obtain stable, concentrated nanoparticle dispersion, HBA ligand was added to
the collected MnOx NP/ethanol dispersion with HBA to Mn molar ratio of 2. The
dispersion was then concentrated by rotational evaporation at around 50℃, and hexanes
were added to the dispersion at 3:2 weight ratio to precipitate the nanoparticles. The
nanoparticles were collected by centrifugation and rinsed again with hexanes/ethanol
mixed solvent. The final MnOx NPs could be readily dispersed in ethanol.
4.2.3.

Characterization
Transmission electron microscopy (TEM) was done with JEOL 2000FX II TEM

operating at 200kV. TEM samples were prepared by drop-casting diluted nanoparticle
suspension onto 400 mesh carbon-supported copper grids. The TEM image was analyzed
by Image J. Fourier transform infrared spectroscopy (FTIR) spectra were taken with a
PerkinElmer Spectrum 100 FTIR spectrometer. Thermogravimetric analysis (TGA) data
was collected with a TA Instruments Q500 thermogravimetric analyzer with a ramping
rate of 10°C/min under a constant purging with air of 60 mL/min. X-ray powder
diffraction (XRD) was performed with X’Pert3 Powder X-ray diffraction system from
PANalytical.
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4.3 Results and Discussion

Figure 4-2. (a) TEM image of as-synthesized MnOx NPs; and (b) corresponding particle
size distribution histogram.
Synthesis of MnOx NPs was studied by varying the concentration of the precursor
in the original solution, or varying the flowrates (therefore varying residence time), while
maintaining the temperature, pressure and the flowrate ratio of the two streams. NPs
synthesized were all well dispersed without obvious agglomeration or bridging, as
observed in TEM images. The TEM image of the MnOx NPs synthesized at 0.02 mol/L
precursor concentration and 8 s residence time is shown in Fig. 4-3 as an example,
together with the statistical analysis of size distribution. The particle size of all samples
were calculated and summarized in Table 4-1. Neither concentration nor residence time
had a significant effect on the average size of the particle, showing that nanoparticle
growth was suppressed in the synthesis. This was achieved by the short residence time
and low precursor concentration in the supercritical ethanol after the nucleation.
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Table 4-1. MnOx NP size at different flowrates and precursor concentration.
Concentration
(mol/L)
0.02
0.01
0.005
0.01
0.01

residence time
(s)
8
8
8
10
12

particle diameter
(nm)
3.9±1.9
4.3±0.9
4.3±0.8
4.4±1.1
4.1±0.8

XRD patterns were measured to characterize the crystal structure and identify the
oxidation state of the NPs, and a typical pattern is shown in Fig. 4-4. A mixture of
crystalline Mn3O4 and crystalline MnO was found. The appearance of Mn(III) in Mn3O4
could be explained by the oxidation of the precursor in the ethanol solution as the
solution reservoir was not kept air-tight.

Figure 4-3. XRD pattern of MnOx NPs.
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Figure 4-4. FTIR spectrum of MnOx NPs with HBA ligand, in comparison with as
synthesized bare NPs and pure HBA.
Ligand attachment was examined by FTIR, and corresponding results are shown
in Fig. 4-5. Both pure ligand and the NPs after ligand attachment exhibited characteristic
peaks at 1400-1425 cm-1 and 1585-1600 cm-1, representing C-C stretching of the
aromatic ring. This indicates that HBA ligands were present in the NP sample. However,
O-H stretching peak at 3200-3500 cm-1 and C=O in-plane stretching peak at 1630-1750
cm-1 were both significantly weakened or disappeared in the HBA-attached NP sample
compared to pure HBA, indicating strong interaction of the NPs with the ligand.
The HBA attached MnOx NPs exhibited high solubility when suspended in
ethanol. At concentrations up to 18.7 mg/mL, no precipitation was observed over a period
of one month.
TGA analysis was performed to determine the inorganic content, and a
corresponding result is shown in Fig. 4-6. A significant weight drop was observed at
around 330℃ corresponding to the decomposition of HBA.26 The gradual weight drop
was seen at low temperatures and should be attributed to the residual solvent.
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Nevertheless, the inorganic content of the sample was measured to be 78.7%.

Figure 4-5. TGA analysis of the MnOx NPs with HBA ligand.
4.4 Conclusions and Outlook
Continuous synthesis of MnOx NPs was demonstrated using an ethanol-based
solvothermal process. The synthesized NPs were monodispersed, with an approximately
4 nm diameter, and had a mixed crystalline structure of MnO and Mn3O4. Changing the
precursor concentration and residence time did not have significant effect on the particle
size. Nanoparticles with 4-hydroxylbenzoic acid ligand attached yielded a highly stable
suspension in ethanol at concentrations up to 18.7 mg/mL with an inorganic content of
78.7 wt%. This continuous solvothermal MnOx NP synthesis method is easily scalable,
and could provide large amount of well-controlled, well-dispersed MnOx NPs for their
incorporation into functional devices.
Further work is under way to incorporate the synthesized MnOx NPs into
mesoporous carbon to fabricate high-capacity flexible electrode materials for
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supercapacitors. Well dispersed NPs can be uniformly mixed with phenolic resol carbon
precursors,

resulting

in

NP-incorporated

carbon

material

upon

calcination.

Block-copolymer can be added to the composite where its micro-phase separation would
introduce nanostructures, and the selective association of the other components to one of
the phases has been reported to yield mesoporous carbon matrices upon calcination.27
Furthermore, high through-put fabrication with this strategy is promising by expediting
the calcination process using rapid photo-thermal processing enabled by sub-millisecond
light pulses from a xenon flash lamp. Such rapid thermal processing has been previously
reported to fabricate nanoparticle-imbedded mesoporous silica.28
Here, phenolic resol as carbon precursor and block-copolymers as structural
template has been mixed with MnOx NPs in an ethanol solution, casted onto flexible
films of charge collector, and flash-calcined into a MnOx NP / mesoporous carbon
composite coating. The coatings have a conductivity of 1.1×103 S/m as measured on
similar coatings fabricated on glass slides by 4-point probe method. High MnOx loadings
of up to 39 wt% have also been achieved as calculated from XPS measurements, which
promise high energy capacities. Further optimization and characterization are underway
to achieve large-scale, low-cost fabrication of nanostructured electrode materials that will
provide high energy density as well as power density.
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